Proteinase inhibitors were extracted from the upper leaves of tomato plants, Lycopersicon esculentum Mill., 48 hours after wounding single lower leaves. Inhibitors were partially purified by affinity chromatography and isoelectric focusing. Significantly higher levels of trypsin and chymotrypsin inhibitory activity were recovered from wounded plants than from unwounded controls. Several inhibitor peaks were partially resolved by isoelectric focusing of affinity column eluates from both wounded and control plants. Inhibitor activity associated with each peak was greater in wounded plants than in corresponding peaks of controls. Agar double diffusion immunological assays showed that inhibitors with basic isoelectric points (pl) of 9.5, 8.9, 8.3, 8.2, and 8.0 are serologically related to inhibitor I. Certain of these inhibitors (p1 = 9.5, 8.2, and 8.0) reacted strongly with both inhibitors I and II antiserum. Three acidic proteinase inhibitors (pI = 6.5,5.9, and 4.7), which accumulated due to wounding, also were isolated. These inhibitors are novel, since they were shown to be serologically unrelated to inhibitors I and II.
Certain proteinase inhibitors accumulate in large quantities in tomato and potato leaf tissue in response to wounding (4, 5) . Two of these inhibitors have been identified and designated inhibitors I and II. Like most other plant proteinase inhibitors, they have activity against animal and microbial proteinases with trypsin and chymotrypsin-like specificities, but apparently do not inhibit any of the known plant proteinases (15) . Inhibitors I and II have been isolated from crude potato tuber extracts based on physicochemical properties such as their acid solubility, heat stability, and differing mol wt (2, 10) . Inhibitors I and II also have been isolated from lyophilized tomato leaf powder based on the property of these two proteins to bind quantitatively to cell debris in the presence of EDTA at a low pH (6) . However, in using this method, it was found (unpublished) that a large part of the inhibitor activity against trypsin and chymotrypsin did not bind to the cell debris, which suggested the presence of other inhibitors with properties different from inhibitors I and II.
Purification procedures, such as those described above, which rely on physicochemical characteristics, are likely to exclude certain inhibitors. One characteristic that all proteinase inhibitors have in common is their ability to bind to proteolytic enzymes. Affmity chromatography with trypsin and chymotrypsin attached to insoluble resins or dextrans has been used successfully for purification of proteinase inhibitors in some plant systems (3, 18) . Therefore, affinity chromatography was employed in this study to ' Present address: Plant Pathology Department, The University of Kentucky, Lexington, KY 40506. extract and partially purify trypsin and chymotrypsin inhibitors from wounded and unwounded tomato plants and determine if inhibitors, other than inhibitors I and II, accumulate in wounded plants.
MATERIALS AND METHODS
Materials. All chemicals are reagent grade unless otherwise noted. Trypsin-agarose (172 units/ml) and chymotrypsin-agarose (156 units/ml) were obtained from U. S. Biochemicals. TEE,2 TAME, three times crystallized a-chymotrypsin (7.5 Affinity Chromatography. Affmity gel columns consisted of 7.5 ml trypsin-agarose, mixed with 22.5 ml chymotrypsin-agarose, in 1.5 x 20.0 cm columns. The diluted crude extracts at 6°C were allowed to flow through the columns from separatory funnels.
Affmity gels were washed with extraction buffer until the absorbance of the eluate at 280 nm was near 0. Gels were then eluted with 10 mm HCI (pH 2) containing 0.3 M KCI followed by elution 2 Abbreviations: TEE, L-tyrosine ethyl ester,hydrochloride; TAME, ptosyl-arginine methyl ester hydrochloride; CTIA, chymotrypsin inhibitor activity; TIA, trypsin inhibitor activity; pl, isoelectric points. 537 with 6 M urea (pH 7) containing 0.1 M CaCl2. Fractions absorbing at 280 nm were pooled and dialyzed separately for 8 h against 4 L 1% glycine with two changes ofdialysis buffer. Upon completion of the urea elution, urea was immediately washed from the affinity gels with 1 mm HCI containing 0.1 M CaCl2 and the gels were stored in this solution at 4°C.
Maintenance of Affinity Gels. Loss of chymotrypsin activity was observed in the affmity gels in this study after elution with 6 M urea. It was found, however, that treatment of gels with a chymotrypsin substrate (TEE) restored chymotrypsin activity to near its original levels. Therefore, chymotrypsin activity in the affinity gels was restored immediately before each use by mixing 90 ml of the urea-treated affinity gel with 1,000 ml of 10 mM TEE in 0.1 M Tris-HCl buffer at pH 7.2 and stirring for 20 min at 10°C. The gel was allowed to settle and the supernatant decanted. Then the gel was washed in 10 mm HCI to solubilize any precipitated tyrosine and gels were returned to columns and washed with extraction buffer. Chymotrypsin activity of the affinity gel was monitored before each experiment. This was accomplished by allowing 10 ml 2 mm TEE in 0.1 M K-phosphate buffer (pH 7.0) to flow entirely through 0.5 ml gel in a 1.5 x 20.0 cm column. The change in absorbance of the eluate at 240 am, when compared to the original TEE solutions (17) , gives the relative degree of chymotrypsin activity remaining in the gel. Chymotrypsin activity of the gel columns was maintained at '75% relative to the activity in the original columns by replacing a proportion of the old gel with fresh gel as needed. Although trypsin activity of the affinity gel remained nearly constant after each experiment, it was monitored routinely in a similar fashion using 2 mm TAME (trypsin substrate) (7) in 0.1 M Tris-HCl buffer at pH 8.0. Preparative Flat-Bed Electrofocusing. Proteins in the affinity gel eluates were separated by flat-bed isoelectric focusing with a LKB 2117 Multiphor and a LKB 2103 Power Supply (9) . Dialyzed eluates from the affinity columns were pooled and mixed with 5 ml of pH 3.5 to 10.0 and 1 ml of pH 9.0 to 11.0 carrier ampholytes. Five g Sephadex G-75 superfine were then added slowly while stirring. This combination of ampholytes resulted in slab gels with a pH gradient range, after electrofocusing, from approximately pH 4 to 9.5. Slab gels with narrower gradients (pH 7.0-10.0), used for some experiments, were prepared by combining 4 ml pH 9.0 to 11.0, 1 ml pH 7.0 to 9.0, and I ml pH 3.5 to 10.0 ampholytes. The gels were poured to form slabs (10.5 cm wide by 22.5 cm long) and dried to 70 g under a gentle airstream from a small fan in a 10°C incubator. Electrode strips were soaked in 1 M NaOH for the cathode and 1 M H3PO4 for the anode. Initial settings on the power supply were 8 w and 1,500 v. Proteins were focused along the length of the slab gels for 12 h and cut into 7.5-mm fractions with a metal grid provided with the LKB Multiphor. The fractions were eluted first with 1 ml distilled H20, for pH measurements, and then with 3 ml of 0.5 M K-phosphate buffer (pH 6.5). Control experiments with electrofocused ampholytes indicate that these buffers have no detectable inhibitory activity against chymotrypsin or trypsin. All steps in this procedure except drying the slabs were at 4°C.
Proteinase Inhibitor Assays. At various stages during purification, the inhibitor preparations were assayed for their level of inhibition of esterase activities of chymotrypsin and trypsin. Chymotrypsin was assayed by the method of Schwert and Takenaka (17) using TEE as a substrate. Trypsin was assayed by the method of Hummel (7) using TAME as a substrate. Assay procedures for proteinase inhibitors were similar to methods reported previously (13) . They were made by preincubating 0.1 ml chymotrypsin (200 ,ug/ml in I mm HCI) with 0.1 ml inhibitor preparation for 2 min at room temperature (approximately 24°C). The assay for chymotrypsin inhibitors consisted of 2.5 ml I mm TEE in 0.1 M Kphosphate buffer at pH 7.0, plus 0.1 ml of the preincubated enzyme-inhibitor solution in the reaction cuvette. The assay for trypsin inhibitors consisted of 2.5 ml 1 mm TAME in 0. (2) .
RESULTS AND DISCUSSION
Inhibitor Activity in Crude Extracts. Trypsin and chymotrypsin inhibitor activity was detected in the crude extracts from leaves of both wounded and unwounded tomato plants (Tables I and II) . Crude extracts of wounded plants contained significantly more inhibitory activity toward both enzymes than control plants.
Levels of CTIA and TIA in wounded plants were approximately two and four times higher than in control plants, respectively. The fact that trypsin and chymotrypsin inhibitor levels were higher in crude extracts from wounded plants than in extracts from unwounded controls was not surprising since this phenomenon has been described previously (4-6, 13, 19) .
AfWinity Chromatography. Affinity gels were used to concentrate and purify the inhibitor proteins in the crude extracts. About 12 to 15 h were required for the 850 ml of dilute crude extracts to flow through affinity gels. The columns were then eluted with extraction buffer until the column eluates no longer contained material absorbing at 280 nm. Subsequent elution with 50 ml 10 mM HCI and 30 ml 6 M urea removed two distinct peaks of 280 nm absorbing material (Fig. 1) . More inhibitor protein was specifically bound to the columns from the crude extracts of wounded plants than extracts from unwounded plants, as estimated by A at 280 nm of both HCI and urea eluates (Fig. 1) (Tables I and II) . These higher levels of inhibitor activity were all statistically significant, the only exception being TIA levels in the urea eluates. However, the combined total TIA in urea and HCI eluates was significantly higher in wounded plant extracts (Table II) .
TIA was three to four times higher in the HCI eluates than the urea eluates in both the wounded and control treatments (Table  II) , whereas equal amounts of CTIA were detected in the two eluates from both treatments ( Table I ). The specific activity of CTIA and TIA were increased substantially in both wounded and control plant extracts by the affinity chromatography step (Tables  I and II) . However, specific activities of CTIA and TIA increased to a greater extent in the controls as estimated by fold-purification. Basing purification of the inhibitors on increases in specific activity, a range of 41-to 13 1-fold purification was achieved with the affinity chromatography procedure (Tables I and II) . Total recoveries of CTIA from the original crude extracts by affinity chromatography were 58 and 65% from wounded and control plants, respectively. Total per cent yields of TIA from affinity chromatography showed that 67% of the original crude extract TIA was recoverpd from unwounded controls, but only 35% from the wounded plants (Table II) . Even with these substantial losses in the latter, levels of TIA obtained from wounded plants remained higher than from controls.
It is unknown why low TIA recoveries occurred only from wounded plants. It is possible that certain species of trypsin inhibitors, unique to wounded tomato plants, are labile and were denatured when subjected to affinity chromatography. In particular, elution of affinity gels with 6 M urea is a relatively harsh but necessary procedure to elute proteinase inhibitors with very Isoelectric Focusing. To determine if new inhibitors were produced or if levels of inhibitors innate to the plant increased due to wounding, it was necessary to separate partially and quantitate the inhibitors previously isolated from wounded and unwounded plants by affmity chromatography. The preparative flat-bed isoelectric focusing method (9) was used because this method permits large quantities of proteins to be focused, easily eluted from the gel, and directly assayed for inhibitor activity. Figures 2 and 3 are from two representative experiments showing levels of CTIA and TIA, respectively, in 4-ml fractions eluted from each gel slice after isoelectric focusing. Four peaks of inhibitory activity, designated A, B, C, and D, were detected in both wounded and unwounded plants (Fig. 2, upper and lower) using CTIA assays. It is likely that chymotrypsin inhibitor peaks A, B, and D of Figure 2 correspond to trypsin inhibitor peaks A, B, and D of Figure 3 since the maximum levels of TIA and CTIA associated with these peaks occurred in identical gel fractions. Hence, the peaks were designated by the same letters. These and three other peaks (E, F, and G of Fig. 3 , upper and lower), were detected in both wounded and unwounded plants by TIA assays. The fact that inhibitor peaks A through G were partially resolved from both wounded and control plants suggests that no new inhibitors were produced in response to wounding. However, due to lower recoveries of TIA from wounded tomato plants in the previous affmity chromatography step, it is not known if the peaks of TIA after focusing (Fig.  3, bottom) are entirely representative of the trypsin inhibitors produced in the foliage of wounded plants.
Inhibitor recoveries after the isoelectric focusing step were determined by totaling the CTIA and TIA eluted from the entire focusing gel. Most CTIA resided in basic fractions of the gels, but fractions (4 ml) FIG. 2. CTIA of isoelectrically focused inhibitor proteins in leaf tissue from wounded and unwounded tomato plants. Inhibitor proteins in affinity column eluates were dialyzed and mixed uniformly in slab gels. Inhibitors were separated by preparative flat-bed isoelectric focusing using a LKB 2117 Multiphor. Slab gels were fractionated by cutting with a grid after isoelectric focusing and inhibitors were eluted from each fraction for determination of activity. Points on the curves represent the total quantity of CTIA, measured in international inhibitor units, in a single 4-ml fraction. Peaks of CTIA are labeled A to D. a low level of CTIA was detected in acidic fractions after focusing (Fig. 2) . This activity was not associated with any well-defined peaks, but was included in total recovery estimates of CTIA after focusing (Table I) . Substantial recoveries (50% and above) of the original CTIA and TIA from crude extracts were obtained after isoelectric focusing (Tables I and II) , with the exception of TIA from wounded plants (22% recovery). As in all previous steps, total levels of CTIA and TIA recovered from wounded plants after focusing remained higher than in unwounded controls (Tables I and II). Also, the summed totals of CTIA and TIA in fractions of individual peaks (Tables III and IV) pl were determined by measuring the pH at the point of highest chymotrypsin or trypsin inhibitor activity in the peaks. The pl of inhibitors in peaks A, B, C, and D were estimated from CTIA peaks (Fig. 2) to be 9.5, 8.3, 8 .0, and 7.6, respectively (Table III) , whereas, the pl of inhibitors in E, F, and G were determined from TIA peaks (Fig. 3) to be 6.5, 5.9, and 4.7, respectively (Table IV) .
Serological Assays. Serological assays were performed with inhibitor I and II antisera using the Ouchterlony double diffusion technique. Inhibitors in peaks A through G were dialyzed exhaustively against 50 mm K-phosphate buffer (pH 7), standardized to approximately the same protein concentrations (1), and placed in the outer wells (Fig. 4) . Antiserum was placed in the center wells. Material in peaks E, F, and G gave no reaction with either antiserum (Fig. 4, B and D) . Material from the other peaks showed cross-reactivity when assayed with the two antisera (not shown) and so an attempt was made to better resolve inhibitors I and II on a narrower pH gradient (pH 7.0-10.0) to avoid cross-contamination. One-third the amount of protein focused in the wider gradients was used in the narrow gradient, to prevent overloading in the gel. Two additional inhibitor peaks (not shown) of CTIA and TIA were resolved with this technique and designated A1 and C1 with pI of 8.9 and 8.2, respectively. Peak D was not resolved in narrow pH gradients presumably because less inhibitor protein was initially subjected to focusing. Material in peaks A, A1, B, Cl, and C all reacted with inhibitors I and II antisera; however, material in A, C1, and C reacted more strongly than A1 and B with inhibitor II antiserum (Fig. 4, A and C) . The cross-reaction was probably due to an incomplete separation of inhibitors I and II on the slab gels, even when focused on a narrower pH gradient. The pl of inhibitors I and II have been estimated in previous studies (Dr. C. A. Ryan, personal communication) to be between 9 and 10. Although resolution of inhibitors I and II was not complete in the present study, the pI measured are in basic agreement with Ryan's estimates.
It was not surprising to find several peaks of inhibitors that reacted with inhibitor I and II antisera since protomer and isoinhibitor species likely occur in nature. Four tetrameric species of inhibitor I from Russet Burbank potatoes have been described, each of which have different binding affinities to sulfoethyl cellulose during chromatography in 8 M urea (10) . These tetramers have differential activity in chymotrypsin and trypsin inhibitor assays, but generally are more potent inhibitors of chymotrypsin. In another report, 10 major protomer bands of inhibitor I from Ulster Price potatoes were resolved by isoelectric focusing (14) .
Isolation and characterization of inhibitor II from4 Russet Burbank potatoes using phosphocellulose chromatography in 8 M urea, showed that it is composed of dimers of four individual protomers (2) . Isoelectric points of three of the protomers were 5.7, 7.9, and 8.2. Each of the inhibitor II dimers, reconstituted from these three species, are better inhibitors of chymotrypsin than trypsin.
All seven inhibitor peaks identified in the present study from wounded plants could also be identified in unwounded controls. In all cases, however, there was greater inhibitory activity in each peak identified from wounded plants when compared to corresponding peaks of the unwounded control. The levels of inhibitor activity recovered from unwounded control plant extracts were higher than expected based on previous studies in which the cultivar Bonny Best was shown to contain low levels of inhibitors I and II in unwounded control plants (4) (5) (6) . It is not known whether the inhibitors in the control plants of this study are present due to unintentional wounding, although care was taken to prevent this, or to naturally high background levels in the TS 33 tomato plants. This study showed that inhibitors of peaks A through D and E through G are two distinct classes of inhibitors based on their pl, specificity for trypsin or chymotrypsin, and serological specificity. Perhaps the most important finding in this study is that proteinase inhibitors other than inhibitors I and II (4) (5) (6) 19) accumulate in tomato leaves in response to wounding. These inhibitors were separated into three bands of inhibitory activity by flat-bed electrofocusing and designated E, F, and G. Unlike inhibitors I and II, which have basic isoelectric points and are more potent chymotrypsin inhibitors, inhibitors in bands E, F, and G have pI of 6.5, 5.9, and 4.7, respectively, and are more potent trypsin inhibitors. Most important, eluates from the flat-bed fractions containing these inhibitors failed to react immunologically with inhibitor I and II antisera.
